Several versions of broad host range (BHR), L-arabinose-inducible expression vectors were constructed. These expression vectors were based on a high copy number BHR pBBR1MCS-4 replicon that could replicate in both enteric and non-enteric Gram-negative bacteria. Two versions of expression cassettes containing multiple cloning sites either with or without a ribosome binding site were placed under transcriptional control of the Escherichia coli BAD promoter and araC gene. Three versions of vectors containing ampicillin or kanamycin or tetracycline resistance genes as selectable markers were constructed. In all six new L-arabinose-inducible BHR expression vectors containing many unique cloning sites, selectable markers were made to facilitate cloning and expression of genes in various Gram-negative bacteria. A Tn9 chloramphenicol acetyl transferase (cat) gene was cloned into an expression vector, resulting in pBBad18Acat that was used to establish optimal expression conditions (addition of 0.02% L-arabinose to mid-exponential phase cells for at least 1 h) in a Xanthomonas campestris pv. phaseoli. Comparison of the Cat enzyme activities between uninduced and a 180-min L-arabinose-induced culture showed a greater than 150-fold increased Cat specific activity. In addition, L-arabinose induction of exponential phase cells harboring pBBad18Acat gave a higher amount of Cat than similarly treated stationary phase cells. The usefulness of the expression vector was also demonstrated in both enteric and non-enteric Gram-negative bacteria. ß
Introduction
The ability to achieve a high level of expression of a cloned gene is very desirable for many reasons. Successful expression of a cloned gene facilitates protein puri¢cation, analysis of protein function and the study of complex physiological properties. However, some gene products are toxic at high levels. This could lead to undesirable e¡ects such as cell death, growth inhibition, selection of mutations in the cloned gene and/or compensatory mutations in the host. Even in cases where products of cloned genes are not toxic, continuous high level expression of these genes could alter bacterial growth properties that resulted in reduction of cell mass. These undesirable e¡ects could be minimized by using regulated expression systems where high levels of gene expression can be induced. Many of such systems have been developed for enteric bacteria [1, 2] . One of the systems utilizes the Escherichia coli BAD promoter (P BAD ) and araC to achieve tight regulation and highly inducible expression of cloned genes [2] . In E. coli, in the absence of inducer (L-arabinose), AraC binds upstream of P BAD to inhibit transcription, addition of L-arabinose leads to derepression of the promoter [2, 3] . The araC-P BAD system provides repression of transcription in the absence of the inducer and strong induction by L-arabinose. The system is widely used in the enteric bacteria but has not been used in other bacteria due to lack of a broad host range (BHR) replicon containing the expression system. It is only recently that araC-P BAD on a BHR system has been reported [4] . Here, we described the construction and characterization of six BHR expression vectors containing two araC-P BAD expression cassettes and a choice of three selectable markers. The induction kinetics and dose-response of P BAD by L-arabinose were also characterized in a Xanthomonas campestris pv. phaseoli (Xp).
Materials and methods

Media, growth conditions and enzyme assay
Xanthomonas strains were grown aerobically in nutrient broth (NB) at 28³C. In all experiments, an overnight culture was used as a starting inoculum to give 0.1 optical density at 600 nm (OD 600 ). The culture was allowed to grow for 3 h or until the culture density had reached 0.5 OD 600 [5] . Then, indicated concentrations of L-arabinose were added and growth continues for 1 h before cells were harvested. For investigation of L-arabinose induction of the chloramphenicol acetyl transferase gen (cat) during various growth phases, a exponential phase culture represented 3 h (OD 600 0.5) and a stationary phase culture represented 24 h sub-culture (OD 600 2.3). 0.02% L-arabinose was added to these cultures and growth was continued for 1 h before cells were harvested for lysate preparation. E. coli cells were grown in LB at 37³C. Lysate preparation and Cat enzyme assay were performed spectrophotometrically as described by Mongkolsuk et al. [6] .
Gene transfer, molecular cloning and Western
immunoblot analysis E. coli (DH5K) was transformed using electroporation performed as previously described [5] . Electroporation was also used to transform plasmids into Pseudomonas aeruginosa and Xp. Brie£y, exponential phase cells were collected and resuspended in the electroporation bu¡er and electroporation was performed using a Bio-Rad machine as previously described [5] . The following antibiotics at indicated concentrations were used to select transformants: E. coli (ampicillin 100 Wg ml 31 ), P. aeruginosa (carbenicillin 200 Wg ml 31 ) and Xp (carbenicillin 250 Wg ml 31 ). All molecular cloning and DNA manipulations were done according to Maniatis et al. [7] .
Protein analysis was performed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Twenty-¢ve g total protein was loaded into each well and after electrophoresis, the gel was either stained with Coomassie blue dye or transferred to nitrocellulose membranes for Western immunoblot analysis. The membrane was subsequently reacted with a polyclonal anti-Tn9 Cat antibody (5P-3P company) using conditions previous described [5] . Antibody reactions were developed using an alkaline phosphatase detection kit, performed according to the manufacturer's (Promega) recommendations.
Construction of pGEMTet
A tetracycline resistance gene (Tet R ) cassette was constructed by polymerase chain reaction (PCR) of the gene from the plasmid pALTER-Ex2 (Promega). The following primers corresponding to 5P (5P-AG-CTTATCATCGGATAAC-3P) and 3P (5P-GCCGC-GGCTTCCATTCA-3P) of the Tet R gene were used in PCR reactions under the following conditions: denaturing at 94³C for 1 min, annealing at 55³C for 1 min, extension at 72³C for 1.5 min for 35 cycles. The 1346-bp PCR products were cloned into TA cloning vector pGEM-T Easy (Promega) and transformed into E. coli selecting for Tet resistance. The resultant new recombinant plasmid was designated pGEMTet. The vector has EcoRI sites £ank-ing the Tet gene.
Construction of pBBad18Acat
The plasmid was constructed by cloning of a gelpuri¢ed SacI-XhoI-digested 0.9-kb fragment containing the Tn9 cat from pSM-CAT2 [8] into SacI-SalIdigested pBBad18A. The recombinant plasmid designated pBBAD18Acat was transformed into E. coli, selecting for chloramphenicol resistance on LB plates containing 0.02% L-arabinose. The recombinant plasmid was characterized and then transformed into Xp and P. aeruginosa by electroporation [5] .
Results and discussion
Construction of expression vectors
Our aim was to construct BHR expression vectors based on the pBBR1MCS-4 replicon [9] , containing an E. coli araC-P BAD expression system with di¡er-ent selectable markers. Two versions of expression cassettes containing araC-P BAD with (pBAD22) or without (pBAD18) a ribosome binding site and multiple cloning sites were used in the construction. pBAD18 and pBAD 22 were double-digested with ClaI and ScaI and gap-¢lled with Klenow DNA polymerase. The 2.18-kb fragments containing the araC-P BAD expression cassette were gel-puri¢ed. These fragments were ligated into the 4.08-kb fragment of pBBR1MCS-4 digested with EcoICRI-ScaI The resulting recombinant plasmids designated pBBad18A and pBBad22A were transformed into E. coli selecting for Ap resistance. The usefulness of the expression vectors was expanded by constructing new vectors with two new selectable markers conferring kanamycin or tetracycline resistance. The 1.35-kb Tet R gene from pGEMTet was digested with EcoRI and gap-¢lled. The 1.4-kb kanamycin resistance gene from pKRP11 [10] was digested with HindIII and gap-¢lled. Both cassettes were gel-puri¢ed and ligated into pBBad18A and pBBad-22A digested at a ScaI site. Recombinant plasmids were transformed into E. coli selecting for either tetracycline or kanamycin resistance. The new plasmids were designated pBBad18T, pBBad22T (conferring tetracycline resistance) and pBBad18K, pBBad22K (conferring kanamycin resistance). These plasmids were subsequently characterized at restriction enzyme levels. The construction of all BHR expression vectors is summarized in Fig. 1 . The functionality of all expression vectors, pBBad18A, pBBad18K, pBBad18T, pBBad22A, pBBad22K and pBBad22T, was tested by cloning a Tn9 cat into these vectors and transformants were checked for L-arabinose-inducible expression of the cloned gene (data not shown). In addition, all vectors were transformed into Xp and plasmids re-isolated and analyzed on an agarose gel. This was to con¢rm that these vectors could replicate as plasmids in non-enteric bacteria (data not shown). The six expression vectors have many unique restriction enzyme sites located in the multiple cloning site to facilitate gene cloning (Fig. 1) . The pBBR1MCS-4 replicon has been shown to function in a diversed group of Gram-negative bacteria such as Agrobacterium, many enteric bacteria, Pseudomonas, Rhizobium and Xanthomonas [9] . Mobilization (mob) function on the plasmid allows for conjugal transfer of the plasmid from E. coli to a variety of Gram-negative bacteria via the RK2 conjugal transfer function [9] . These facts, coupled with availability of a variety of vector selectable markers, increased the usefulness of these expression vectors.
Establishing optimal inducing conditions for Xanthomonas
The functionality of the expression vector and optimal L-arabinose inducing conditions were determined by monitoring Cat levels in Xp harboring pBBad18Acat. First, the optimum inducing concentrations of L-arabinose were tested. The results in Fig. 2A show that a signi¢cant induction of cat was detected at L-arabinose concentrations of 0.005% or higher. When the concentration of the inducer was less than 0.001%, no induction was detected. Addition of L-arabinose at greater concentrations than 0.02% did not result in a signi¢cant increase in cat induction (Fig. 3) . Next, the induction kinetics were investigated. 0.02% L-arabinose was added to the culture. At indicated times, cells were removed and the amount of Cat determined. The results are shown in Fig. 2B . At 5 min after addition of L-arabinose, a small increase in the amount of Cat was detectable. When the induction time increased from 5 to 30, 60, 120 and 180 min, a corresponding increase in the amount of Cat protein was detected. This increase in the amount of Cat protein correlated with the Cat enzyme activity. Uninduced cells had a Cat speci¢c activity of 0.03 U mg 31 protein comparing to 4.63 U mg 31 protein in a culture that was induced for 180 min. This represented a 154-fold induction in Cat speci¢c activity. However, the Cat speci¢c activity of a 3-h-induced sample was only 2-fold greater than Cat activity in 1-h-induced sample. Addition of glucose (0.5^1%) to growth medium did not signi¢cantly repress the uninduced Cat levels but instead reduced the derepression of the promoter by L-arabinose over 50-fold (data not shown). This is similar to observations in Agrobacterium [4] . Thus, optimal inducing conditions of P BAD for Xp should be the addition of 0.02% L-arabinose for at least 1 h.
Growth phase dependent L-arabinose induction
High level production of a recombinant protein depends upon many factors. Two of these factors are cell mass and the level of cloned gene expression. Ideally, if high level gene expression could be induced during the early stationary phase of growth, this would maximize the product yield. The ability of L-arabinose to induce P BAD during di¡erent stages of growth has not been investigated. Experiments were done to test L-arabinose induction of a cloned cat gene in Xp harboring pBBad18Acat at di¡erent growth phases. The results are shown in Fig. 3 . Densitometer analysis indicates that addition of L-arabinose to exponential phase cells resulted in an over 20-fold increase in Cat. Moreover, Western immunoblot analysis showed that a large quantity of Cat was produced. At the stationary phase, the basal Cat level was reduced 4-fold. Addition of L-arabinose Fig. 3 . Induction of cat expression by L-arabinose at the exponential and stationary phase of growth. A culture of Xp harboring pBBad18Acat grown in NB was removed at 5 h (OD 600 0.6) for a exponential phase culture and 24 h (OD 600 2.3) for a stationary phase culture. 0.02, 1 and 2% L-arabinose were added to these cultures and growth continued for 1 h. UN represent cultures with no L-arabinose added. Cells were harvested and lysates prepared for Cat Western immunoblot analysis as described in Section 2. signi¢cant induced expression of cat (10-fold) but this level was 5-fold less than the level attained in similarly induced exponential phase cells. To rule out that transport of L-arabinose could be ine¤cient during the stationary phase of growth, 50-and 100-fold higher concentrations of L-arabinose were added (1 and 2%). These treatments resulted in a less than 0.5-fold increase in the levels of Cat comparing to the levels attained at 0.02% L-arabinose (Fig. 3) . We do not know the mechanism that causes a reduced basal and induced level of expression of a cloned gene at the stationary phase. Since E. coli P BAD is a heterologous promoter in Xp, reduction in the level of the sigma factor that recognized P BAD at the stationary phase of growth could lead to the observed e¡ects on gene expression. The mechanism is being investigated. The data clearly show that the growth phase of a culture is an important parameter for obtaining a maximum yield from expression of a cloned gene.
L-Arabinose induction of a cloned gene in various bacteria
The ability of L-arabinose to induce expression of a cloned cat gene in the expression vector was investigated in E. coli, P. aeruginosa and Xp. The results are shown in Fig. 4 . Clearly, L-arabinose induced a high level expression of cat gene in all three bacteria. A greater than 10-fold induction was observed in E. coli and Xp, respectively. In P. aeruginosa, at least a 5-fold induction was observed. However, it is noteworthy that the uninduced Cat levels varied signi¢-cantly. In E. coli, very little Cat was detected in the uninduced culture, indicating a good repression of the expression system. However, in Xp and P. aeruginosa, signi¢cant levels of Cat in uninduced cultures were detected. In these two bacteria, the regulation of P BAD is not as tight as in E. coli. The induced Cat levels were similar in all bacteria tested. Full activation of P BAD requires CRP protein interaction [2, 3, 10] . The data suggest that heterologous CRP proteins in P. aeruginosa and Xp could function on E. coli P BAD . The L-arabinose-inducible expression system is proved to be useful for regulating expression of a cloned gene in various bacteria. Fig. 4 . Induction of cat expression in various bacteria. Mid-exponential cultures of E. coli, P. aeruginosa and Xp were induced with 0.02% L-arabinose for 1 h. Lysates were prepared from induced (In) and uninduced (Un) cultures for Cat Western immunoblot analysis as described in Section 2.
